actors. All these devices might prove superior to their inorganic alternatives.
In biology, ATP is synthesized at the expense of energy-yielding chemical or photochemical reactions. The ubiquitous ATP synthase (ATPase) takes advantage of transmembrane proton gradients created by the enzymes that catalyze these reactions, with the circulation of protons through these devices providing the means of coupling the exchange of free energy 1'2. In some organisms it is the ATPase that assumes the role of a pump which, through reversal of its normal function, produces the proton gradient.
The membrane proteins that translocate ions, and protons in particular, therefore assume a special place in cellular bioenergetics. How they vdbrk, and how the proton gradient they produce is utilized to drive endergonic reactions is an outstahding question of first importance in biology.
The production of desirable reactive chemicals and polymers needs energy input. A human body takes care of its biosynthetic needs by turning over daily an amount of ATP equivalent to approximately its weight (100-200 lbs). It seems unavoidable that the technology of producing biochemicals on an increasingly large scale will have to face the costs of energy input. It will eventually make use of the only truly renewable resource, sunlight and the recycling of a high-energy compound such as ATP. We recount here the great progress in the last few years that promises to reveal the mechanism of proton pumps and the ATPase, and speculate on how biotechnology will make use of such systems.
Proton transport across membranes Unassisted transport of protons or, more generally, charges across membranes requires large free energies of activation associated with transfer of these species from the polar, aqueous envi-https://ntrs.nasa.gov/search.jsp?R=20010048011 2020-01-25T11:15:20+00:00Z ronmentto thenonpolarinterior of a membrane. For example,the activation barrier for unassisted transportofNa + was estimated 3 at 27 kcal mol "1, which means that only a few ions per day could permeate a membrane. For protons another mechanism is also available. It involves translocation of excess protons along hydrogen-bonded chains of water molecules, which, when properly aligned by chance, span the membrane. This mechanism is more efficient because it requires only small displacements of several protons between consecutive water molecules along the chain rather than a large translocation of a single ion. To achieve sustained proton transport an additional step involving the reorientation of water molecules in the chain is required. However, even with the aid of this mechanism the permeability of membranes to protons is quite low. Thus, a membrane forms an excellent permeability barrier to charges, essential for sustaining proton gradients. This is very fortunate because proton leakage is unproductive and is detrimental to the efficiency of bioenergetic processes. Clearly, to achieve efficient proton transfer across membranes, some assistance is needed.
This assistance is provided by transmembrane proteins, which reduce the activation barrier by providing a polar environment to the translocated proton. Again, a proton wire mechanism similar to that postulated for unassisted ion transport is at work. In this case, however, it maight involve not only water molecules, but also protein side-chains. This mechanism, which appears to be universal in membrane biology, has been studied for several transmembrane protein channels. They provide passive pathways for proton transport, i.e., protons are translocated through the channel from the compartment with higher proton concentration to the compartment with lower concentration. In gramicidin A, it has been postulated that protons travel along a single file of water molecules filling the pore of the channel 4. The situation is somewhat more complicated in the case of a tetrameric channel formed by the M2 protein from human influenza virus. For this channel, an additionaI step must be involved because the channel contains four histidine amino acid residues, one from each of the helices, which are sufficiently large to occlude the pore and interrupt the water network, thus forming a gate. To explain how protons travel through the gate, it has been proposed that one proton is captured on one side of a histidine residue while another proton is released from the opposite side. Then, the channel returns to the initial state through tautomerization 5'6.
In contrast to such channels, the so-called Mitchell loops and the pumps are active transport systems, which are able to transport ions-also against a concentration and/or electric gradient across the membrane. The loops, as suggested by Peter Mitchell in his landmark chemiosmotic hypothesis v, are redox systems inserted asymmetrically into the membrane so as to catal_'ze the vectorial movement of electrons and accompanying protons between reducing and oxidizihg agents separated by the lipid bilayer. Pumps, on the other hand, contain not only a transloca_ion pathway but also a site of an energy-yielding chemical reaction (bond breakage, isomerization, etc.), and the means of coupling the two together. The loops and the pumps are therefore devices for transducing chemical energy into osmotic and electric potential energy for protons. The resulting protonmotive force is the means for driving energy-requiring reactions via the recirculation of the protons through other devices in the membrane.
These other devices are, in effect, loops or pumps that function in reverse. When the energy input (protonmotive force) and energy sink (chemical potential for ATP/ADP, for example) are nearly matched, either one can, in principle, drive the other. In mitochondria, chloroplasts and aerobic bacteria, the balance is toward the ADP + phosphate ---)ATP reaction, making the ATPase device a synthase.
Biological proton pumps
The long quest towards understanding the mechanism of proton pumps has received a strong boost from high-resolution crystallographic structures determined currently for increasing numbers of such proteins. The simplest and best described is bacteriorhodopsin, the retinal-protein ofhalophilic archaea that functions as a light-driven pump ( Fig. 1 ). Its structure is described to 1.55 A resolution 8, and high-resolution maps have been determined for several intermediates of its transport cycle 9t2. In this protein, energy input is not from a chemical reaction as in most pumps, but from photoisomerization of the all-trans retinal to 13-cis, which creates a conflict with its binding site and therefore a high-energy state. Relaxation of the retinal and the protein matrix around it causes atomic displacements of protein residues and bound water, and thereby pK shifts of acidic groups. Most, although not yet all, details of the transport mechanism are now understood.
The key event is the protonation of Asp-85 by the retinal Schiffbase (Fig. 1) . This enzyme is a very large supramolecular machine, which contains numerous subunit assemblies of different functions. The larger part, which binds the nucleotide, projects out of the membrane, and the proton translocation is through a rotor with many proton binding sites inside the membrane. The two are connected by a stalk, which contains a stator and a shaft. Rotation ott the rotor depends on protons passing through the stator, via an entrance and an exit that opens tow_ds the two membrane sides. Its rotation is coupled t6 sequential conformational changes in the nucleotide binding domain so that one site binds ATP, another ADP and phosphate, and the third is free at any one time during its revolution. The H÷/ATP st0ichiometry is fixed by the number Of proton-binding sites on the rotor and the number of nucleotide binding sites on the extra-membrane assembly, and the flexibility of the shaft that transmits the motion of the former to the latter. If A1 is a histidine residue the mechanism postulated for proton gating in the M2 protein might be in operation and the back reaction is prevented by tautomerization of the imidazole ring.
Designing sYnthetic proton pumps
To maintain the proton gradient, release of the pumped proton must be followed by regeneration of PS using a proton acquired from the opposite side of the membrane. This not only requires appropriate architecture for the proton pump but also depends on the pH difference between both sides of the membrane.
As this difference increases the back reaction becomes progressively more likely and eventually the system approaches a steady state, at which point no further increase of proton gradient is possible. When proteoliposomes contai_ng both proteins are illuminated, a proton current is generated, inward through bacteriorhodopsin_and outward through the ATPase (Fig. 3) , and there is efficient and continuous production of ATP from exter- 
